Introduction {#s1}
============

The lateral wall of the cochlear duct is formed by the stria vascularis, outer sulcus, spiral prominence and spiral ligament. Structural and functional integrity of the cochlear lateral wall is required for generation of the highly positive endocochlear potential (EP) and maintenance of ion homeostasis in the inner ear [@pone.0097389-Schulte1]--[@pone.0097389-Wangemann1]. A variety of lateral wall cell types play critical roles in the maintenance of the high K^+^ concentration and the positive EP in the scala media [@pone.0097389-Hibino1], [@pone.0097389-Mistrik1], [@pone.0097389-Patuzzi1]. These cells and the ion transport mediators associated with their activity include 1) apical KCNQ1/KCNE1 channels and basolateral Na/K-ATPase and NKCC exchanger in strial marginal cells [@pone.0097389-Schulte3]--[@pone.0097389-Crouch1]; 2) Kir4.1 channel proteins in strial intermediate and outer sulcus root cells [@pone.0097389-Hibino2]--[@pone.0097389-Jagger1]; and 3) Na/K-ATPase, NKCC exchanger, Kir 5.1 channels, and carbonic anhydrase in fibrocytes of the spiral ligament [@pone.0097389-Spicer2]--[@pone.0097389-Hibino3].

Previous studies utilizing both animal models and human temporal bones have demonstrated that degeneration of cells in the cochlear lateral wall contributes significantly to age-related EP declines and auditory function deficits [@pone.0097389-Schulte1], [@pone.0097389-Spicer3], [@pone.0097389-Schuknecht1]--[@pone.0097389-Spicer5]. Unlike adult mammalian cochlear hair cells that lack the ability to regenerate, non-sensory cells in the cochlear lateral wall have been shown to have a limited regenerative capacity in response to injury [@pone.0097389-Ruben1]--[@pone.0097389-Lang1]. However, the self-repairing capacity of cells in the cochlear lateral wall declines with age for unknown reasons [@pone.0097389-Lang1], [@pone.0097389-Lang2]. A better understanding of the cellular and molecular mechanisms associated with age-related cochlear lateral wall degeneration and declines in regenerative capacity is required to identify potential interventional strategies for the prevention and treatment of presbyacusis [@pone.0097389-Gates1].

The neural crest (NC) is a transient developmental anlage arising at the edge of the neural plate in vertebrates. NC progenitor cells give rise to many cell types in the nervous system including strial intermediate cells in the cochlear lateral wall [@pone.0097389-Hilding1]. Sox10, a neural crest transcription factor that carries a conserved high-mobility group DNA-binding domain, is critical for the determination, differentiation and maintenance of peripheral glial cells and melanocytes [@pone.0097389-Herbarth1]--[@pone.0097389-Finzsch1]. Mutations of the Sox10 gene are known to cause degeneration and/or dysfunction of glial cells and melanocytes in a variety of tissues; e.g., Waardenburg syndrome in humans, a rare auditory-pigmentary disorder that generates varying combinations of hearing loss and pigmentation defects [@pone.0097389-Read1], [@pone.0097389-Pingault1]. Here, we investigated the potential role of Sox10 in the age-related degeneration of cells in the cochlear lateral wall by examining Sox10 immunostaining patterns in the inner ears of aged CBA/CaJ mice and human temporal bones from older donors.

Materials and Methods {#s2}
=====================

Animals {#s2a}
-------

Young adult and aged CBA/CaJ mice were used because this strain shows a larger decline in the EP with advanced age than other normal hearing mouse strains [@pone.0097389-Ohlemiller3]. Adult CBA/CaJ mice were bred in-house in a low noise environment at the Animal Research Facility of the Medical University of South Carolina (MUSC). Original breeding pairs were purchased from The Jackson Laboratory (Bar Harbor, ME). All mice received food and water ad libitum and were maintained on a 12 h light/dark cycle. Mice of both genders including young adult mice aged 1--3 months (n = 12) and old mice aged 2--2.5 years (n = 15) were used in the study. All aspects of animal research were conducted in accordance with the guidelines of MUSC's Institutional Animal Care and Use (IACUC) Committee. The protocol was approved by the IACUC at MUSC. The protocol number is \#AR2290. Prior to data acquisition, mice were examined for signs of external ear canal obstruction and middle ear disease. Mice with any symptoms of ear infection were excluded from this study.

Physiological Procedures {#s2b}
------------------------

Mice (n = 27) were anesthetized by intraperitoneal injection with a mixture of xylazine (20 mg/kg) and ketamine (100 mg/kg) as described previously [@pone.0097389-Lang3]. Auditory brainstem responses (ABRs) were recorded via customized needle electrodes inserted at the vertex (+) and test-side mastoid (−), with a ground in the control-side leg. The acoustic stimuli were generated using Tucker Davis Technologies system III modules (Tucker-Davis Technologies, Gainesville, FL, USA) with a SigGen software package. The calibration was completed using a Knowles microphone in a probe tube clipped to the mouse pinna. The signals were delivered into the mouse ear canal through a 10 mm long (3--5 mm diameter) plastic tube. ABR thresholds were obtained and were defined as the lowest sound levels at which the response peaks are clearly present as read by the eye from stacked wave forms. ABRs were evoked at half octave frequencies from 4 to 45 kHz with 5 ms duration tone pips with cos^2^ rise/fall times of 0.5 ms delivered at 31/s. Sound levels were reduced in 5-dB steps from 90 dB SPL to 10 dB SPL. At each sound level, 300--500 responses were averaged, using an "artifact reject" protocol whereby response waves were discarded when peak-to-peak amplitudes exceeded 50 mV. ABR waveforms and thresholds were analyzed at individual frequencies ranging from 4.0 to 40 kHz.

Preparation of Mouse Cochlear Tissues {#s2c}
-------------------------------------

Following ABR measurements, young and aged CBA/CaJ mice were processed either for ultrastructural analysis (5 young and 6 aged) or immunohistochemical analysis (6 young and 8 aged). For ultrastructural observation, the anesthetized animals were perfused via cardiac catheter first with 10 ml of normal saline containing 0.1% sodium nitrite and then 15 ml of a mixture of 4% paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. After removing the stapes and opening the oval and round windows, 0.5 ml of fixative was perfused gently into the scala vestibuli through the oval window. The inner ears were dissected free and immersed in fixative overnight (10--14 hours) at 4°C. Decalcification was completed by immersion in about 50 ml of a 120 mM solution of ethylenediaminetetraacetic acid (EDTA), pH 7.2, with gentle stirring at room temperature for 2--3 days with daily changes of the EDTA solution. For immunohistochemistry, the mouse inner ears were prepared following the procedure described above but substituting 4% paraformaldehyde as fixative for 1.5--2 hours at 4°C, decalcified with EDTA, cryoprotected in 30% sucrose in PBS and embedded in Tissue-Tek OCT compound (Electron Microscopy Science, Fort Washington, PA).

Human Temporal Bone Collection and Cochlear Tissue Preparation {#s2d}
--------------------------------------------------------------

Temporal bones were selected from a collection of human temporal bones obtained as part of a longitudinal study of age-related hearing loss conducted by the Hearing Research Program at MUSC through partnership with the Carroll A. Campbell, Jr., Neuropathology Laboratory (Brain Bank) at MUSC. Procedures for the collection and use of the temporal bones were approved by the MUSC Institutional Review Board under protocol E-607R and Pro00030845, with written consent obtained in all cases. As shown in [**Table 1**](#pone-0097389-t001){ref-type="table"}, the temporal bones used in this study were collected from 12 human donors. At autopsy, brain tissues including the brainstem and major blood vessels were carefully elevated from the cranial cavity. The temporal bones were removed using an oscillating 38-mm trephine saw according to previously described techniques [@pone.0097389-Schuknecht2]. Immediately following removal, the temporal bones were fixed by perilymphatic perfusion with 2 ml of a 4% paraformaldehyde solution (for frozen section preparations) or a 10% neutral buffered formalin solution (for paraffin section preparations). The pre-fixation process included elevation of the tympanic membrane, removal of the stapes and perforation of the round window membrane. The fixative was perfused gently through the oval window using a blunt-tip, 16-gauge needle covered with appropriately sized tygon tubing. The perfused temporal bones were then immersed in fixative for 48--72 hours for frozen section preparation and 12--22 hours for paraffin section preparation followed by rinsing and decalcification using a microwave protocol as per our previous description [@pone.0097389-Cunningham1]. The total time of decalcification was between 3--6 weeks. During the process of decalcification, temporal bones were gradually trimmed using roungeurs and a No. 15 scalpel to remove most of the hard bone encasing the cochlea and vestibular apparatus.

10.1371/journal.pone.0097389.t001

###### Summary of human donor information and immunoreactivity for Sox10 antibody.

![](pone.0097389.t001){#pone-0097389-t001-1}

  ID number                DonorAge/Gender   Death to perfusioninterval   Sox10 immunostaining                  
  ----------------------- ----------------- ---------------------------- ---------------------- ---- ----- ---- ----
  **Frozen sections**                                                                                           
  H38R                        68/female          6 hours 30 minutes                ++            ++   +/+   ++   ++
  H44                         72/female               Unknown                      ++            ++   +/+   ++   ++
  H31R                         76/male           5 hours 45 minutes                ++            ++   +/+   ++   ++
  H31L                         76/male           5 hours 45 minutes                ++            ++   +/+   ++   ++
  H55R                         86/male           4 hours 15 minutes                ++            ++   +/+   ++   ++
  H33R                        87/female          3 hours 35 minutes                ++            \+   +/+   ++   ++
  H36R                         87/male                19 hours                     \+            \+   −/+   ++   \+
  H51R                        89/female               11 hours                     ++            \+   −/+   ++   ++
  H39R                         90/male          21 hours 30 minutes                \+            \+   −/−   ++   ++
  H34R                        91/female          3 hours 15 minutes                \+            \+   −/+   ++   ++
  **Paraffin sections**                                                                                         
  H26                         46/female               3 hours                      \-            \-   −/−   --   --
  H3                          91/female          3 hours 15 minutes                \-            \-   −/−   --   --

Abbreviations: OS, outer sulcus; SP, spiral prominence; SV, stria vascularis; MC, marginal cell; IC, intermediate cell; AN, auditory nerve; OCT, organ of Corti.

Immunohistochemical Analysis for Mouse and Human Cochlear Tissues {#s2e}
-----------------------------------------------------------------

Human temporal bones were processed either for frozen or paraffin sectioning. Mouse cochlear tissues were prepared only for frozen sectioning. For frozen sectioning, cochlear tissues were cryoprotected in 30% sucrose in PBS and embedded in Tissue-Tek OCT compound (Electron Microscopy Science, Fort Washington, PA). The specimens were then sectioned serially in the horizontal plane at a thickness of 10 µm at −22 to −24°C, collected and mounted onto <Colorfrost@> Plus microscope slides (Fisher Scientific, Pittsburgh, PA) for staining and storage at −20°C. For paraffin sectioning the decalcified inner ears were dehydrated and embedded in paraffin (Paraplast, XTRA, Oxford Labware, Sherwood Medical, St. Louis, MO). Serial sections were cut at a thickness of 4 µm and mounted two per slide on Colorfrost^®^Plus slides for staining and storage at room temperature. Every 25^th^ section was stained with hematoxylin and eosin (H & E) for the evaluation of morphological preservation.

Frozen or paraffin sections of cochlear tissue from mouse and human specimens were incubated overnight at 4°C with a primary antibody diluted in PBS. The primary antibodies used in this study were goat anti-Sox10 (1∶100, catalog no: sc17342, Santa Cruz, CA). The goat polyclonal antibody to Sox10 was raised against amino acids 1--50 of the N-terminal sequence of human Sox10 (manufacturer's technical information). After two washes with 0.1 M PBS, the sections were incubated with an affinity purified biotinylated anti-goat IgG (1∶100; Vector Laboratories, Inc, CA catalog no: FI-5000) for 3 hours at room temperature, rinsed two times with 0.1 M PBS, and flooded with fluorescein avidin green (1∶80; Vector Laboratories, Inc, CA catalog: A-2011) for 1 hour at room temperature. Nuclei were then counterstained with propidium iodide (PI).

To further identify the cells expressing Sox10 in the cochlear lateral wall, dual immunostaining was performed for Sox10 and either Na, K-ATPase (1∶5000; 31b; gift from Dr. George Siegel, Department of Neurology, University of Michigan Medical School, Ann Arbor, MI; [@pone.0097389-Hieber1]) or carbonic anhydrase III (1∶200; [@pone.0097389-Spicer6]). The 31b antibody recognizes most known isoforms of Na, K-ATPase and reacts with marginal cells in the stria vascularis as well as type II and IV fibrocytes of the spiral ligament in mouse and human cochlear tissues [@pone.0097389-Schulte3], [@pone.0097389-Weber1]. CAIII protein is an enzyme that in humans is encoded by the CA3 gene [@pone.0097389-Lowe1]. Immunoreactive CAIII has been localized in type I, III and IV fibrocytes in the gerbil inner ear [@pone.0097389-Spicer2], [@pone.0097389-Spicer6]. Quantitative analysis of Sox10^+^ cells was performed in the lateral wall of 6 ears from the young adult mouse group and 8 ears from the aged mouse group. Cell counts were conducted on 5 to 8 randomly selected 10 µm mid-modiolar frozen sections per mouse ear.

Transmission Electron Microscopy {#s2f}
--------------------------------

Cochlear tissues were post-fixed with 1% osmium tetroxide for 1 hour, dehydrated and embedded in Epon LX 112 resin. Semi-thin sections approximately 1 μm thick were cut and stained with toluidine blue. Ultra-thin sections were stained with uranyl acetate and lead citrate and examined by electron microscopy as previous described [@pone.0097389-Lang3]. All three turns of the inner ears taken from 4 aged and 4 young control mice were examined in this study. Ten to 20 randomly selected sections from each mouse cochlea were examined. These sections included all three turns of the cochlear lateral wall.

Confocal Microscopy and Image Presentation {#s2g}
------------------------------------------

The sections were examined either with a ZeissAxio Observer or a Zeiss LSM5 Pascal confocal microscope (Carl Zeiss, Inc.). The captured images were processed using Image Pro Plus software (Media Cybernetics, MD), AxioVison 4.8 (Carl Zeiss Inc.) and Zeiss LSM Image Browser version 2.0.70 (Carl ZeissInc.). Adobe Photoshop CS2 was employed to adjust brightness, contrast and sharpness of images with identical settings for all panels. Alterations were not performed on images used for quantitative purposes.

Data Analysis {#s2h}
-------------

Unless otherwise specified, all data in the figures are presented as mean ± SEM. Data for Sox10^+^ cells were analyzed by two tailed, unpaired *t* test (SPSS, Chicago, IL). A value of *p*\<0.05 was considered to be statistically significant.

Results {#s3}
=======

Comparisons of the mean ABR thresholds for young adult (1--3 month-old; n = 12) and aged (2--2.5 year-old; n = 15) CBA/CaJ are shown in [Figure 1](#pone-0097389-g001){ref-type="fig"}. Relative to young adult controls, significant threshold shifts ranging from 20--35 dB were present in the aged mice at all frequencies tested (unpaired t-test, *P*\<0.05).

![Auditory function declines with age in CBA/CaJ mice.\
ABR thresholds increased in aged mice at all tested frequencies. Mean ABR thresholds differed significantly between young adult (1--3 month-old) and aged (2--2.5 year-old) CBA/CaJ mice (mean ± SEM, *p*\<0.05). Eight of the 15 aged mice (∧) showed no response to stimuli at 40 kHz.](pone.0097389.g001){#pone-0097389-g001}

A variety of cell types in the mammalian cochlear lateral wall have been characterized based on their location, morphology, immunostaining patterns for ion transporter mediators and cellular physiological characteristics [@pone.0097389-Jagger1], [@pone.0097389-Spicer2], [@pone.0097389-Hinojosa1]--[@pone.0097389-Neng1]. These cells include marginal, intermediate and basal cells in the stria vascularis, outer sulcus cells including root cells extending into root processes in the spiral ligament, five types (I--V) of fibrocytes in the spiral ligament and various cell types constituting the microvasculature of the cochlear lateral wall. In this study, Sox10 expressing cells were present in several locations of the lateral wall including the outer sulcus, spiral prominence and stria vascularis ([Figs. 2](#pone-0097389-g002){ref-type="fig"}, [3](#pone-0097389-g003){ref-type="fig"}, [4](#pone-0097389-g004){ref-type="fig"} and [5](#pone-0097389-g005){ref-type="fig"}) in mouse ears. At least three cell types in the cochlear lateral wall were stained positively with antibody against Sox10: strial marginal and intermediate cells and outer sulcus cells, both those bordering the scale media (surface outer sulcus cells) and those extending deep into the outer sulcus root processes (root cells). Endothelial cells, pericytes and melanocytes (or macrophage-like melanocytes) form the strial microvascular system [@pone.0097389-Neng1]. Few Sox10+ nuclei were located within or around the strial microvascular components, suggesting that few pericytes or macrophage-like melanocytes were stained positively with the antibody against Sox10. Several cell types in other cochlear locations in adult mouse ears also stained positively for Sox10. These cells included supporting cells in the organ of Corti and vestibular organs, glial cells in the auditory nerve and interdental cells in the limbus spiralis (data not shown).

![Localization of Sox10 expressing cells in the cochlear lateral wall of young adult mice.\
(A) Section from the middle turn of a 2 month-old mouse shows Sox10 expression (green) in the nuclei of marginal and intermediate cells in the stria vascularis (StV). The nuclei of both surface cells lining the scala media in the outer sulcus (OS) and root cells forming the root processes extending under the spiral prominence (SP) in the spiral ligament (SL) also were strongly positive for Sox10 staining. No Sox10^+^ cells were seen in regions occupied by type I, III and IV fibrocytes. (B) Nuclei were counterstained with propidium iodide (PI, red). (C) Merged image. Scale bar: 25 µm in C (applies to A--C).](pone.0097389.g002){#pone-0097389-g002}

![Age-related reduction of Sox10^+^ cells in the stria vascularis.\
Sox10^+^ marginal cells (MCs) and intermediate cells (ICs, arrowhead) were seen in the StV of young adult (A--C) and aged (D--F) mice. Endothelial cells and other cell types associated with strial microvascular structures were unstained with the Sox10 antibody (arrows). The dashed line in F indicates a region showing a complete loss of Sox10^+^ cells at the upper surface of the StV in the basal turn of an aged mouse. (G) Numbers of Sox10^+^ MCs decreased significantly in the basal turn of aged CBA/CaJ mice (n = 6, \*\**p*\<0.01). Sox 10^+^ cells were also reduced in the apical turn, however, this difference was not significant. (H) Sox10^+^ ICs decreased in the middle and basal turns of aged ears, however, this reduction was not significant (n = 6, *p\>0.05*). Scale bar: 20 µm in F (applies to A--F).](pone.0097389.g003){#pone-0097389-g003}

![Age-related reduction of Na, K-ATPase immunoreactivity in the stria vascularis.\
Sox10 (green) and Na, K-ATPase (31B) immunoreactivity (red) in the StV of a young adult (A--C) and an aged (D--F) mouse. A dramatic decrease in 31B immunostaining intensity was accompanied by markedly decreased immunoreactivity for Sox10 seen in strial MCs in the aged mouse ear. Scale bar: 12 µm in B (applies to A--B'').](pone.0097389.g004){#pone-0097389-g004}

![Age-related reduction of Sox10^+^ cells in the spiral ligament.\
Sox10^+^ superficial OS cells (arrows) and deep OS root cells (arrowheads) in young adult (A--C) and aged (D--F) mice. (G) Sox10^+^ superficial OS cells declined significantly with age in the apical and basal turns (n = 6, \**p*\<0.05), but not in the middle turn. (H) Sox10^+^ root cells decreased significantly with age in the basal turn (n = 6, \**p*\<0.05), but not in the apical and middle turns. Scale bar: 12 µm in F (applies to A--F).](pone.0097389.g005){#pone-0097389-g005}

Age-related Changes of Sox10 Expressing Cells in the Stria Vascularis {#s3a}
---------------------------------------------------------------------

Sox10 expressing cells were present in the stria vascularis of both young adult ([Fig. 2](#pone-0097389-g002){ref-type="fig"}) and aged CBA/CAJ mice ([Fig. 3](#pone-0097389-g003){ref-type="fig"}). Intense Sox10 immunoreactivity was present in the nuclei of marginal and intermediate cells, but not basal cells or any microvessel associated cells. To determine the effect of age on the populations of Sox10 expressing cells, cell counts were conducted on randomly selected areas covering a 100 µm-long segment of the stria vascularis and spiral prominence from all three cochlear turns in young adult and aged mouse ears. The average density of Sox10^+^ marginal cells in the stria vascularis of aged vs young mice was 5.7 vs 8.6/100 µm^2^ in the basal turn, 6.1 vs 6.5/100 µm^2^ in the middle turn and 4.9 vs 6.1/100 µm^2^ in the apical turn. This difference was significant (*p*\<0.05) only in the basal turn ([Fig. 3G](#pone-0097389-g003){ref-type="fig"}). No significant decline in the density of Sox10^+^ intermediate cells was seen in any turn of the aged mouse ears ([Fig. 3H](#pone-0097389-g003){ref-type="fig"}).

Na, K-ATPase energizes the trans-epithelial movement of ions in many tissues. This enzyme is abundantly present in strial marginal cells and has been shown to decline markedly with age in quiet-aged gerbils [@pone.0097389-Schulte1], [@pone.0097389-Schulte3]. The relationship between Sox10 expression and strial ion transport functions was examined in sections from young adult and aged mice by dual-staining for Sox10 and Na, K-ATPase. As shown in [Figure 4](#pone-0097389-g004){ref-type="fig"}, a marked reduction of Na, K-ATPase immunoreactivity was seen in marginal cells in the basal turn of the aged mouse ear in regions of reduced or absent Sox 10^+^ immunoreactivity.

Age-related Changes of Sox10 Expressing Cells in the Spiral Ligament {#s3b}
--------------------------------------------------------------------

In the adult cochlea, outer sulcus cells line the surface of the scala media between Claudius cells and the spiral prominence. Some outer sulcus cells (root cells) elongate into root like processes that extend upward and behind the spiral prominence. These root processes are enclosed by a basement membrane and are most prominent in the basal turn and diminish in size and number toward the cochlear apex. The root processes are surrounded by and closely associated with type II fibrocytes. As shown in [Figures 2](#pone-0097389-g002){ref-type="fig"} and [5](#pone-0097389-g005){ref-type="fig"}, Sox10 immuoreactivity is present in the nuclei of both superficial outer sulcus cells and root cells, but not in the regions populated by type I--V fibrocytes ([Figs. 2](#pone-0097389-g002){ref-type="fig"} and [5](#pone-0097389-g005){ref-type="fig"}). Intense Sox10 immunostaining was seen in the nuclei of both superficial and deep root cells in the outer sulcus of both young adult and aged mice. All five types of fibrocytes were negative for Sox10 immunostaining.

Sox10^+^ superficial outer sulcus cells and root cells were counted in all three turns from young adult control (n = 6) and aged (n = 8) mouse ears ([Fig. 5](#pone-0097389-g005){ref-type="fig"}). Each section included the entire spiral prominence. The average number of superficial Sox10^+^ outer sulcus cells in aged and young ears respectively was 5.9 vs 11.8 per section in the apical turn, 7.1 vs 8.1 per section in the middle turn and 4.0 vs 10.1 per section in the basal turn. This difference was significant in the apical and basal turns but not in the middle turn ([Fig. 5G](#pone-0097389-g005){ref-type="fig"}; *p*\<0.05). For root cells located deeper in the root process, the average Sox10^+^ root cell number per section in young adult and aged ears respectively was 5.7 vs 8.8 in the apical turn, 6.4 vs 6.7 in the middle turn, and 6.7 vs 10.7 in the basal turn. This decrease in Sox10^+^ root cells in aged mice was significant in the basal turn, but not in the apical and middle turns ([Fig. 5H](#pone-0097389-g005){ref-type="fig"}, *p*\<0.05).

Carbonic anhydrase (CA) has been detected in subpopulations of lateral wall fibrocytes in several species including human, chinchilla and gerbil suggesting the involvement of this enzyme in ionic or fluid regulation of the endolymph [@pone.0097389-Spicer2], [@pone.0097389-Weber1], [@pone.0097389-Lim1], [@pone.0097389-Spicer7]. To further confirm that no fibrocytes expressed detectable levels of Sox10, dual-immunostaining for Sox10^+^ and CAIII was performed on frozen sections of young adult and aged ears ([Fig. 6](#pone-0097389-g006){ref-type="fig"}). Similar to our previous findings young adult gerbils [@pone.0097389-Spicer2], intense immunostaining for CAIII was seen in type I and III fibrocytes in young adult mice. No Sox10 expressing cells were seen in these CAIII^+^ regions ([Figs. 6](#pone-0097389-g006){ref-type="fig"} A--C). In aged mice, a remarkable reduction of CAIII immunoreactivity was present in type I and III fibrocytes ([Figs. 6D--F](#pone-0097389-g006){ref-type="fig"}'). Diffuse CAIII staining remained in the lower inferior of the type I fibrocyte areas where they border type II fibrocytes.

![Age-related loss of carbonic anhydrase III immunoreactivity in the spiral ligament.\
Sox10 (green) and carbonic anhydrase (CA) III immunoreactivity (red) in the SL of a young adult (A--C) and an aged (D--F) mouse. CA III immunostaining intensity in areas occupied by types I and III fibrocytes declines markedly in aged ears. Far right panels show enlarged images of boxed areas in C and F. Nuclei of root cells (arrows) react strongly with Sox10 antibody in the young adult mouse but appear fragmented (arrow) or missing altogether in some root cells (asterisk) of aged mice. Scale bar = 12 µm in A (applies to A--B").](pone.0097389.g006){#pone-0097389-g006}

Age-related Ultrastructural Changes in the Stria Vascularis and Root Process {#s3c}
----------------------------------------------------------------------------

The ultrastructural characteristics of the stria vascularis in the young adult CBA/CaJ mouse are shown in [Figure 7A and 7B](#pone-0097389-g007){ref-type="fig"}. Multiple processes projecting from the basolateral plasmalemma of strial marginal cells interdigitate extensively with the more electron lucent processes of intermediate cells. Tight junctions between marginal cells form a barrier between endolymph and intrastrial fluid. Examination of aged mice revealed a range of degenerative alterations including: 1) loss or retraction of the long processes of marginal and intermediate cells; 2) appearance of melanophagosomes in degenerating marginal and intermediate cells; and 3) vacuoles and degenerative cellular debris in the cytoplasm of marginal and intermediate cells ([Figs. 7C, D](#pone-0097389-g007){ref-type="fig"}).

![Age-related ultrastructural changes in the stria vascularis of CBA/CaJ mice.\
(A, B) Fine structure of strial marginal cells (MC) and intermediate-like cells (IC) from a young adult mouse. (C, D) Atrophic StV from an aged mouse. MCs and ICs appear to be in various stages of degeneration. A swollen region of a degenerating cell (asterisk) contains numerous melanophagosomes. Scale bars: 2 µm in A--D.](pone.0097389.g007){#pone-0097389-g007}

[Figures 8A and 8B](#pone-0097389-g008){ref-type="fig"} depict the ultrastructure of root processes surrounded by type II fibcrocytes in the spiral ligament of a young mouse. A thin collagen fibril-enriched extracellular matrix is present around the basal portion of the root processes. Pathological alterations in aged cochleas include 1) a profound reduction of collagen-enriched matrix surrounding root processes and 2) the presence of vacuoles and degenerative cellular debris within root cells as well as the cytoplasm of type II fibrocytes ([Figs. 8C, D](#pone-0097389-g008){ref-type="fig"}).

![Age-related ultrastructural changes in the spiral ligament of CBA/CaJ mice.\
(A, B) Fine structure of the root cell processes (arrow) and surrounding type II fibrocytes (II) in the SL of a young adult mouse. Note that a thin fibril-enriched matrix is seen around the base of root cell processes. (C, D) Pathological alterations of root cell processes in an aged mouse. A substantial loss of the fibril-enriched matrix and a large edematous-appearing intracellular space (asterisk) is seen in a root cell. Scale bars: 2 µm in A; 500 nm in B; 10 µm in C, D.](pone.0097389.g008){#pone-0097389-g008}

Sox10 Expressing Cells in the Human Cochlea {#s3d}
-------------------------------------------

A total of 12 temporal bones from 11 donors including 7 females and 5 males ranging from 46 to 91 year-old were utilized in this study ([Table 1](#pone-0097389-t001){ref-type="table"}). Ten of the specimens were prepared for frozen sectioning and two were processed for paraffin sectioning. Seven temporal bones were harvested with a postmortem to fixation interval of less than 6 hours. Several locations in the inner ear portion of these human temporal bones were examined including the cochlear lateral wall, organ of Corti and auditory nerve. As shown in [Figure 9](#pone-0097389-g009){ref-type="fig"}, positive immunoreactivity for Sox10 in at least one cochlear location was seen in the frozen section preparations from all 10 temporal bones examined. Strong immunostaining for Sox10 was present in glial cells in the auditory nerve within Rosenthal's canal, the osseous spiral lamina, and supporting cells in the organ of Corti ([Figs. 9C, D](#pone-0097389-g009){ref-type="fig"}). No immunostaining for Sox10 was seen in paraffin sections prepared from temporal bones despite the use of an antigen retrieval technique on more than 10 slides randomly selected from each ear.

![Sox10 expressing cells in human temporal bones.\
Cells staining positively for Sox10 were seen in several locations of the human cochlea including the lateral wall (A, B), the organ of Corti (OCT; C) and the auditory nerve (AN; D). The images shown are of apical and middle turn sections from a 72 year-old (A--B) and a 91 year-old (C--E). Moderate to strong immunostaining for Sox10 was seen in marginal cells (A, arrows), intermediate cells (arrowhead) and presumed root cells underlying the spiral prominence epithelium (B, arrows) in a 72 year-old donor, whereas only a few cells with weak immunoreactivity for Sox10 were seen in the StV (arrowhead; an intermediate cell) and in the SP region (arrow) in the cochlea of a 91 year-old donor (E). E'--E" are enlarged images of the boxed area in E showing the staining pattern of Sox10^+^ marginal cell nuclei. Scale bars: 12 µm in A (applies to A--B''); 12 µm in E (applies to C--E).](pone.0097389.g009){#pone-0097389-g009}

Similar to our observations in the adult mouse cochlea, Sox10^+^ cells were seen in several regions of the human ear including the stria vascularis and outer sulcus including root cells ([Figs. 9A--B, 9E--E](#pone-0097389-g009){ref-type="fig"}''). A marked reduction of Sox10 immunoreactivity was seen in marginal cells from the four oldest donors aged 89 to 91 as compared to donors aged 68 to 87. We were unable to perform quantitative analysis of age-related alterations of Sox10 expressing cells in the human cochlear lateral wall due to a paucity of young and middle-aged adult donors.

Discussion {#s4}
==========

The stria vascularis and the outer sulcus epithelial cells contribute significantly to the generation and maintenance of the endocochlear potential (EP) and inner ear ion homeostasis [@pone.0097389-Hibino1], [@pone.0097389-Schulte3], [@pone.0097389-Wangemann2], [@pone.0097389-Jagger1], [@pone.0097389-Spicer3], [@pone.0097389-Salt1], [@pone.0097389-Wangemann3]. The stria vascularis is composed of three cell types (marginal, intermediate and basal cells) and microvascular elements [@pone.0097389-Hinojosa1]--[@pone.0097389-SantosSacchi1]. Endothelial cells, pericytes and melanocytes (or macrophage-like melanocytes) comprise the strial microvascular system [@pone.0097389-Neng1], [@pone.0097389-Santi1]. The outer sulcus, located between the spiral prominence and claudius cells, is lined by a pseudostratified epithelium consisting of a surface layer of cuboidal-shaped cells bordering the scala media and underlying root-like cells. The root cells interdigitate with one another and together form root processes which project laterally and superiorly into the spiral ligament underlying the spiral prominence. The root processes are enclosed by a basement membrane and are closely associated with capillary loops and surrounded by numerous type II fibrocytes. Recent electrophysiological evidence has demonstrated that root cells lining the outer sulcus are the essential component of the cochlear lateral wall and are critical for the generation and maintenance of cochlear ion gradients and the EP [@pone.0097389-Jagger1], [@pone.0097389-Jagger2].

Our data here show that Sox10 is expressed by several epithelial cell types in the cochlear lateral wall in both mouse and human specimens. We demonstrate for the first time strong staining with Sox10 antibody in the nuclei of strial marginal and intermediate cells as well as superficial and deep (root) cells in the outer sulcus in the adult mouse and human inner ear. These results suggest that the Sox 10 transcription factor may play an important role in regulating cochlear lateral wall function.

Sox10 transcription factor is a member of Sry-related high--mobility-group HMG box (Sox) family, which plays a key role in regulating the specification, determination, differentiation and maintenance of neural crest-derived cells [@pone.0097389-Herbarth1], [@pone.0097389-Britsch1], [@pone.0097389-Cheung1]--[@pone.0097389-Stolt1]. Neural crest precursor cells have been shown to give rise to a wide range of cell types, including craniofacial chondrocytes, sensory and autonomic neurons, peripheral glial cells, and melanocytes including intermediate cells in the stria vascularis. Our findings have concurred with previous studies showing that the Sox10 gene is expressed in the stria vascularis, in particular in intermediate cells of postnatal mouse ears [@pone.0097389-Watanabe1], [@pone.0097389-Wakaoka1]. The intense Sox10 immunoreactivity in strial intermediate cells of early postnatal and adult mice supports the neural crest derivation of intermediate cells as previously reported [@pone.0097389-Steel1]. However, our results showing a high level of Sox10 expression in strial marginal and outer sulcus cells were surprising. These epithelial cells have not been reported to derive from neural crest, but rather are thought to be of epidermal lineage [@pone.0097389-Kim1].

Transduction of sound to electrical signals by inner ear hair cells depends importantly on the regulation of extracellular potassium \[k^+^\] and other ions by a variety of cell types the in organ of Corti and lateral wall [@pone.0097389-Spicer1]. The supporting cells in the organ of Corti, which have previously been shown to express Sox10 [@pone.0097389-Watanabe1], along with the outer sulcus cells in the cochlear lateral wall form a special gap junction-rich epithelial network, which contributes significantly to K^+^ recirculation back to endolymph [@pone.0097389-Spicer1], [@pone.0097389-Jagger1]. Sox 10 expression by all of the cells in this syncytial epithelial supporting cell network suggests that this transcription factor may be involved in the regulation of K^+^ recirculation and ion homeostasis in the cochlea. This supposition is supported by data showing that the Sox 10 transcription factor regulates expression of both connexin 32 and connexin 32 mRNA, a gap junction protein essential to the maintenance of ion homeostasis in the glial syncytium of the central nervous system [@pone.0097389-Schlierf1].

A significant finding in this study was the reduced number of Sox10^+^ strial marginal and outer sulcus root cells with age in the mouse ear. The loss of Sox10-expressing non-sensory epithelial cells in the cochlear lateral with age is consistent with previous observations that degeneration of lateral wall non-sensory strial marginal and intermediate cells in the cochlear lateral wall contributes significantly to a reduction of the EP and associated age-related auditory functional declines [@pone.0097389-Schulte1], [@pone.0097389-Spicer3], [@pone.0097389-Schmiedt2], [@pone.0097389-Lang4]. The age-related loss of Sox10^+^ strial marginal and outer sulcus root cells in mice was associated with pathological alterations in the surviving strial marginal and intermediate cells and fibrocytes of the spiral ligament similar to these seen in quiet-aged gerbils [@pone.0097389-Spicer4], [@pone.0097389-Spicer5]. The loss of retraction of primary and secondary marginal cell processes in aged mice almost certainly leads to a greatly reduced basolateral membrane surface area and resultant loss of membrane Na, K-ATPase, as shown here by a marked reduction in Na, K-ATPase immunoreactivity in the stria vascularis of aged mouse ears. Our data also showed that the age-associated loss of Sox10^+^ marginal and outer sulcus cells occurred predominately in the basal and/or apical turn, but not in the middle turn. These results suggest that Sox10^+^ cells in the middle turn may be more resistant to aging, a finding that agrees with previous studies in animal models of age-related hearing loss [@pone.0097389-Schulte1], [@pone.0097389-Spicer4], [@pone.0097389-Ohlemiller3], [@pone.0097389-Spicer7], [@pone.0097389-Thomopoulos1]--[@pone.0097389-Hequembourg1].

Ultrastructural evidence of fibrocyte degeneration (data not shown), similar to that seen in aging gerbils, was seen in the aged mouse spiral ligament as were changes in immunostaining pattern for CA III in spiral ligament fibrocytes of the aged mouse. Carbonic anhydrase affects ion movements in cells via rapid interconversion of water and carbon dioxide to bicarbonate and proton ions (or vice versa). Changes in CA II immunoreactivity have been reported in the aged gerbil lateral wall with several patterns varying from diminished to increased immunostaining [@pone.0097389-Spicer7]. As shown here, the moderate to strong immunostaining for CA III in type I and III fibrocytes in young adults was markedly decreased in the spiral ligament of aged mice. In addition, ultrastructural observations revealed alterations of the root process in aged mice including a loss of the fibril-enriched matrix at the base of the processes and the appearance of electron lucent inclusion bodies in the cytosol of the root cells. Together, the data show a loss of Sox10 expressing cells and ultrastructural alterations in the surviving Sox10^+^ cells in the spiral ligament of aged mice. These pathological alterations are likely to contribute to the disruption of K^+^ recycling and a decline in the EP, but the role of Sox 10 in this process remains unclear. Further molecular and functional studies of the interactions between the Sox10 transcription factor and key ion transport, ion channel and gap junction-associated factors are needed to better understand the initial causes of age-related non-sensory cell degeneration in the cochlear lateral wall.

Although the Sox10 expression changes in the mouse cochlear lateral wall reported here provide intriguing data concerning a role for Sox10 in the regulation of inner ear ion homeostasis, these experiments only provide a working model of changes in the aged human cochlea. To validate the expression pattern of Sox10 in a human model, we immunostained sections from 12 temporal bones; 10 prepared for frozen sectioning and 2 for paraffin sectioning. Strong immunoreactivity for Sox10, similar to that seen in the mouse model, was observed in several cell types in the stria vascularis, spiral prominence, organ of Corti and auditory nerve in the frozen sections. Moderately strong staining for Sox10 was present in strial marginal and intermediate cells and cells in the outer sulcus region from donors aged 68--87, but not in cochlear tissues from two donors aged 90 and 91, suggesting an age-related decline of Sox10 expression in these regions. No Sox10 immunoreactivity was observed in paraffin sections even after the application of antigen retrieval protocols indicating that paraffin embedding has a negative impact on the preservation of Sox10 immunoreactivity.

The study of human temporal bones is essential to furthering our knowledge of pathophysiological mechanisms in the human ear. Here, the Sox10 expression data demonstrated the utility of our temporal bone preparation procedure [@pone.0097389-Cunningham1], [@pone.0097389-Xing1] and immunostaining assay using a frozen sectioning process to identify a particular transcription factor with low expression in human postmortem cochlear tissues. Further quantitative studies of lateral wall degeneration associated with candidate regulatory factors (identified from animal models) in human temporal bones will significantly advance our understanding of the causes of presbyacusis and other auditory disorders.

Conclusion {#s5}
==========

1.  Sox10 protein is expressed in the nuclei of strial marginal and intermediate cells as well as outer sulcus epithelial cells in both young adult and aged CBA/CaJ mice.

2.  Quantitative analysis of Sox10 expressing cells indicated a significant decline in Sox10^+^ cells in both the stria vascularis and outer sulcus in the basal turn of aged mice compared to young adult controls.

3.  Ultrastructural observations in aged mice confirmed the degeneration of several cell types including strial marginal and intermediate cells, outer sulcus root cells and fibrocytes of the spiral ligament.

4.  This study also provides immunohistochemical evidence of Sox10 expression in the human cochlea.

5.  Decreases in Sox10 expression levels and a loss of Sox10^+^ cells with age in both mouse and human ears suggests an important role of Sox10 in the maintenance of structural and functional integrity of the cochlear lateral wall.
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